This is a multiyear experimental research program that focuses on improving relevant material properties of high-critical temperature (T c ) superconductors and developing fabrication methods that can be transferred to industry for production of commercial conductors. The development of teaming relationships through agreements with industrial partners is a key element of the Argonne National Laboratory (ANL) program.
substrates [2] . Using pulsed laser deposition (PLD) to prepare YBCO films on SRObuffered MgO single-crystal substrates at deposition temperatures of 750-790°C [3] , we showed that YBCO deposited at 770°C had the best superconducting properties (transport J c of 2.5 MA/cm 2 and T c of 91 K). Scanning electron microscopy (SEM) of the film deposited at 770°C revealed uniform and well-connected grains, and X-ray analysis showed that it had good in-and out-of-plane texture. During the past quarter, we extended our investigation of YBCO films deposited by PLD on SRO-buffered ISD-MgO metallic (HC) substrates, and we report here the superconducting and crystallographic properties of representative films.
To begin sample preparation, we deposited YSZ (thickness = 300 Å) on polished HC substrates at 700°C using electron beam evaporation. Using electron beam evaporation with an angle of 55° between the substrate normal and the direction of evaporation, we then deposited the ISD-MgO layer at room temperature. The homoepitaxial MgO layer was deposited at 700 0 C by electron beam evaporation with the direction of evaporation normal to the substrate.
The SRO and YBCO layers were deposited by PLD. A KrF excimer laser (Lambda Physik, Compex 201) with a wavelength of 248 nm and pulse duration of 25 ns was focused onto a target rotating at 8 rpm. Both the YBCO and SRO targets (supplied by Praxair Surface Technology) were 2.54 cm in dia. and 0.63 cm thick. Laser beam energy of 128 mJ/pulse with a frequency of 4 Hz was used to fabricate SRO films; laser beam energy of 140 mJ/pulse with a frequency of 8 Hz was used for YBCO films. Prior to deposition of SRO, the MgO substrates were ultrasonically cleaned in acetone and then in methyl alcohol for 10 min. They were then mounted on a substrate heater with the aid of silver paste. The distance between the substrate and target was 6.5 cm. The SRO buffer layer (thickness=100 nm) was deposited by PLD on the ISD-MgO substrate at a temperature of 770°C and pressure of 50 mtorr O 2 . Finally, YBCO (thickness=300 nm) was deposited by PLD on the SRO layer at 770°C and 240 mtorr O 2 . After the deposition of YBCO, the conductor was annealed at 450°C in oxygen at a pressure of 750 torr for 90 min.
X-ray diffraction (XRD) pole-figure analysis was used to evaluate the texture of the YBCO/SRO/HE-MgO/ISD-MgO/YSZ/HC structure. XRD φ-scans were used to characterize the in-plane texture of the YBCO and SRO films, and the out-of-plane texture of YBCO was examined by ω-scans. Figure 1 shows the pole figures for the YBCO (005), SRO (020), and MgO (002) planes. From the pole figures, we measured a value of 32° for the tilt angle (β) of YBCO, SRO, and MgO, where β is the angle between the (001) pole and normal to the substrate. Figure 2 shows the YBCO (005), SRO (020), and MgO (002) peaks that were measured from YBCO/SRO/ISD-MgO/YSZ/HC along with their full-width-at-halfmaximum (FWHM) values. The YBCO (005) peak had an FWHM of ≈6.6°, while the SRO (020) peak had an FWHM of 7.05°, indicating good in-plane texture for both layers. The small value (3.19°) for the FWHM of the YBCO (007) ω-scan (Fig. 3) showed that the YBCO film also had good out-of-plane texture. The T c of YBCO/SRO/ISD-MgO/YSZ/HC samples was measured by an inductive magnetization method in which the sample is placed between a primary and a secondary coil, and an alternating current is applied to the primary coil. A lock-in amplifier measures the voltage that the penetrating field produced in the secondary coil. After the samples were coated with 2 µm of silver using electron beam evaporation and were re-oxygenated at 450°C in 1 atm O 2 , their J c at 77 K was measured by a standard four-probe method. Figure 4 shows the inductive T c of a sample whose YBCO layer was deposited at 770°C. This film had an onset T c of 89.2 K with a superconducting transition width of 0.8 K. The sharpness of the transition suggests that the film was homogeneous. The sample, whose YBCO layer was 0.5 cm wide and 0.3 µm thick, had a transport J c of 6.2 × 10 5 A/cm 2 at 77 K, as seen in Fig. 5 .
The results of this study are encouraging and indicate that SRO is a promising alternative to the YSZ and CeO 2 buffer layers in the standard ISD architecture. Although we have produced higher J c values using the standard ISD architecture, the latest J c for SRO-buffered ISD-MgO on HC is significantly higher than the initial values (0.03-0.10 × 10 5 A/cm 2 ) reported for this architecture [2] . In addition, SRO-buffered ISD-MgO substrates routinely yield significantly sharper texture in the YBCO than is obtained with the standard ISD architecture. This enhanced texture suggests that higher J c might result from further optimization of the conditions for producing samples made with SRO.
Raman Analysis of YBCO on SRO-Buffered ISD-MgO
Raman microscopy was used to characterize YBCO films deposited by PLD on SRO/HE-MgO/ISD-MgO/YSZ/HC. Unless noted otherwise, the films (thickness=0.3 µm) were produced at 770°C and 240 mtorr O 2 using a laser pulse frequency of 8 Hz.
The Raman analysis was done with a Renishaw RM2000 Raman microscope in the xx/yy configuration; a representative spectrum of the YBCO films is shown in Fig. 6 . All films contained small amounts of CuO (shown by the peak at 295 cm -1 ) and some cation disorder (seen by the broad peak at 580 cm -1 and a shift in the Ba line from the theoretical value of 118 cm -1 to 113 cm -1 ). The out-of-plane texture of the YBCO films (quantified by the I O(4) /I O(2+/3-) intensity ratio) had an average value of 0.45. Because the standard deviation of this ratio across the entire film's surface was very small for all samples (ranging from 0.05 to 0.09 for individual samples), we conclude that the O(4) mode was generated by the ISD substrate tilt and not by the presence of random a-axis oriented YBCO grains.
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Fig. 6. Typical Raman spectrum of YBCO film deposited on SRO-buffered ISD-
MgO on HC substrate.
The structure of the YBCO in these films was orthorhombic, but the films appeared to be incompletely oxygenated. This observation was suggested by the positioning of the Cu(2) mode at 148 cm -1 , instead of being centered at 150 cm -1 as in fully oxygenated samples. Also pointing to deficient oxygenation of the film, the peak corresponding to the out-of-phase bending of O(2) and O(3) atoms was shifted to values lower than 445 cm -1 .
The Raman spectra of YBCO films produced at higher temperatures (>770°C) had distinctive features: (a) two strong peaks at 239 and 632 cm -1 , which are associated with the formation of BaCuO 2 , and (b) a very strong, broad peak at 580 cm -1 , which indicates an increased cation disorder in the film. These results are consistent with our observation that the best superconducting properties on SRO-buffered ISD-MgO substrates are obtained at a deposition temperature of 770°C.
Raman Analysis of SRO Texture
In light of the promising results obtained with SRO-buffered ISD-MgO on HC, we are investigating whether Raman analysis can provide useful information regarding the structure of the SRO layer. SRO films with various thickness (100-400 nm) were deposited on MgO (100) single crystals over a range in deposition temperature (750-790°C), and were analyzed by Raman spectroscopy to determine if a correlation exists between the Raman results and XRD measurements. The Raman spectra were collected by an Ar ion laser (514.5 nm) in y(x'x')y geometry.
SRO has an orthorhombic structure resulting from distortion of the ideal cubic perovskite structure, and belongs to the Pnma space group, Z=4, with a total of 24 Raman-active phonon modes (7A g +5B 1g +7B 2g +5B 3g ). The Raman spectra of the SRO films showed five bands: four strong lines at 212 (A g ), 240 (A g ), 375 (B 2g ), and 400 (B 2g ) cm -1 and a weak peak at 281 cm -1 (A g ). The positions of the SRO peaks agree with values reported by Iliev et al. [4] for Raman measurements done at room temperature on oriented SRO thin films. Figure 7 shows a typical Raman spectrum from an SRO film deposited on a MgO (100) single-crystal substrate.
From calculations of the integrated intensities for various peaks in the SRO Raman spectra, we observed a direct correlation between the I 212 /I 375 ratio and the in-plane texture of the film (determined from XRD φ-scans of the (022) Figure 8a shows the dependence of the in-plane texture on SRO deposition temperature. When the deposition temperature was raised from 750 to 790°C, the in-plane alignment of SRO improved and the FWHM for the φ-scan decreased. Likewise, the I 212 /I 375 ratio decreased as the deposition temperature increased. Figure 8b various thickness along with the corresponding I 212 /I 375 ratio. Although the results in Fig. 8b show no correlation between film thickness and texture, the I 212 /I 375 ratio and FWHM values were consistent, i.e., they followed the same trend.
Figures 9a and 9b show another direct relationship between the I 400 /I 375 ratio and out-of-plane texture (determined by the FWHM of SRO (020) ω-scans). Figure 9a plots the FWHM of SRO (020) ω-scans and the I 400 /I 375 ratio versus the deposition temperature of SRO. The I 400 /I 375 ratio and FWHM vary in the same way, their lowest values being obtained for the SRO film deposited at 770°C. Figure 9b shows that I 400 /I 375 and FWHM also follow similar trends with thickness, even though there is no clear correlation between the out-of-plane texture and film thickness.
The results from this study indicate that Raman analysis might be used to evaluate the texture of SRO films, although the practical utility of the method is somewhat limited relative to XRD φ-and ω-scans, which generally produce a more accurate quantitative measurement.
Residual Stresses in Multilayered Coated Conductors
We previously estimated the residual stress in an ISD-MgO layer deposited on a HC substrate [2] by using Stoney's equation [1] with the measured change in curvature before and after deposition. Because the ISD-MgO layer was deposited at room temperature, the stress is believed to be intrinsic to the deposition process. Before applying Stoney's equation to analyze the residual stresses in more complex coated conductor structures, however, one must take into account the interaction between the various layers. To consider these interactions, we performed a 3-D finite element analysis (FEA) of the residual stresses in the layers of a multilayered coated conductor system. Specifically, the residual stresses were estimated by FEA for a coated conductor with the following configuration: YBCO/CeO 2 /YSZ/HE-MgO/ISD-MgO/HC. The thickness of the HC substrate was assumed to be 150 µm for the analysis. The thickness and deposition temperatures used in the analysis for the other layers are given in Table 1 .
The multilayered coated conductor system was modeled as a rectangular geometry (10 mm x 5 mm). The HC substrate was treated as a 3-D deformable body, whereas all the other layers were considered as planar homogeneous shells (i.e., stress was assumed to be constant within each layer). Interactions arising from differences in the coefficient of thermal expansion and those arising from differences in elastic properties were both considered in computing the stresses in the different layers. The effects of intrinsic stresses developed during deposition and stress relaxation due to creep/plastic deformation were ignored in the analysis. The simulations were done using ABAQUS standard finite element software. The stresses were computed in the direction parallel to the plane of the coated layers. Figure 10 shows the residual stresses that were computed by FEA for the different layers of the coated conductor. As shown in the figure, the stress in the YBCO layer is ≈135 MPa. For each layer of the conductor, Fig. 11 compares the residual stress estimated by FEA with the analytically calculated thermal mismatch stress. Note that the stresses estimated by FEA (which considers the interaction between layers) agree well with those obtained by analytical calculation (which ignores the interaction between layers). This finding suggests that the effect from the interactions between layers is insignificant; therefore, using Stoney's equation with the measured change in curvature should provide reasonable estimates of the residual stresses in the individual layers of complex coated conductors. Further finite element modeling will be done to estimate the curvature change that is expected for the different layers due to residual stresses. A comparison of these estimated curvatures with those measured by optical interferometry will provide guidance on the validity of our experimental technique and FEA modeling.
